Introduction
============

The demand for low cost and efficient cooling packaging has been increasing in recent years due to the large power density generated by electronic and optical devices. One of the choices is to use a heat pipe to spread the generated heat. A novel packaging base with a disk-shaped miniature heat pipe \[DMHP\] is proposed to replace the conventional copper base of the transmitter outline \[TO\] can package for a laser diode \[[@B1]\]. DMHP consists of multiple micro-grooves that radiate from the center of the base. The thermal performance of DMHP depends on the charge volume of the working fluid. It was found that the optimal volumetric fluid charge for the minimum thermal resistance is about 55%. In order to further increase the thermal performance of DMHP, a nanofluid was selected to replace deionized \[DI\] water as the working medium in the heat pipe.

Nanofluid has drawn the attention of researchers in the heat transfer community for heat transfer enhancement. Several previous studies showed that the thermal conductivity of a fluid could be significantly enhanced by adding suspended metal or nonmetal nanoparticles \[[@B2]-[@B6]\]. Xuan and Li \[[@B3]\] showed that the effective thermal conductivity of water-copper nanofluid is 75% greater than that of the base fluid (water in this case) even with only 8% volumetric fraction of particles in the base fluid. Besides, an experimental system was set up by Xuan and Li \[[@B7]\] to investigate the convective heat transfer phenomena of water-copper nanofluid in a tube. They found that the convective heat transfer coefficient in a tube could be increased by the addition of nanoparticles to the fluid when the volumetric fraction of the suspended nanoparticles was low.

Nanofluids have also been used in heat pipes in recent years \[[@B8]-[@B10]\], and the thermal enhancements of nanofluids on heat pipes were shown in these studies. There is no surprise that suspended particles in a fluid can affect the boiling heat transfer phenomenon at the solid-liquid interface. Huang et al. \[[@B11]\] showed that the pool boiling heat transfer of a heated stainless steel horizontal plate was significantly enhanced by adding glass, copper, and stainless steel microparticles into DI water. However, fluids with suspended microparticles may cause some problems such as abrasion and clogging \[[@B7]\]. Thus, they are not suitable for the applications of miniature heat pipes in which the pore size of the porous medium or the hydraulic diameter of the microchannel is of the order of the micrometer.

Therefore, the present study proposes to employ a nanofluid as a working medium of the DMHP. Two types of suspended nanoparticles were used, namely gold nanoparticles and carbon nanoparticles. A measuring system is also set up to investigate the effect of added nanoparticles in the fluid on the thermal resistance of DMHP.

Preparation of nanoparticles
============================

In the present study, gold nanoparticles were synthesized by citrate reduction from aqueous hydrogen tetrachloroaurate \[HAuCl~4~\] \[[@B12]\]. An amount of 0.008 g HAuCl~4~(Sigma-Aldrich Chemical, St. Louis, MO) was dissolved in 80 ml distilled water as a primer solution. An additional 4-ml mixture of 3.4 mM (concentration of millimolar) citric acid, 0.1 ml of 5.8 mM tannic acid and 15.9 ml distilled water were used as a reducing solution. The reducing solution was preheated to 60°C. After the primer solution was heated to a boiling temperature, the reducing solution was then added into the primer solution. The mixed solution was stirred until the color of the mixed solution changed from transparent to red. The color change in the mixed solution indicated the formation of colloidal gold nanoparticles. Figure [1](#F1){ref-type="fig"} shows a transmission electron microscope \[TEM\] (Hitachi 8100, Hitachi High-Tech, Minato-ku, Tokyo, Japan) micrograph of the gold nanoparticles with an average diameter of 17 nm; the volume fraction of the gold nanoparticles in the nanofluid was about 0.17%.

![**TEM micrograph of gold nanoparticles with a magnification of 200,000**.](1556-276X-6-590-1){#F1}

There are several types of carbon nanoparticles. The most famous one is the so-called fullerene or C~60~. In this study, multiwall carbon nanoballs were used. They were prepared by arc discharge between graphite electrodes in reduced pressure of pure hydrogen gas. The carbon nanofluid used in this study is provided by Industrial Technology Research Institute of Taiwan. Figure [2](#F2){ref-type="fig"} shows a TEM (Hitachi 8100, Hitachi High-Tech, Minato-ku, Tokyo, Japan) micrograph of carbon nanoparticles. As illustrated in Figure [2](#F2){ref-type="fig"}, multiwall carbon nanotubes and carbon nanoballs were produced at the same time during the fabrication process. They tend to aggregate together in the aqueous solution. The length of a multiwall carbon nanotube was over 200 nm, and the average diameter of a carbon nanoparticle was approximately 68 nm. For convenience, the mixture of multiwall carbon nanotubes and carbon nanoballs in the base fluid was still called carbon nanoparticles in this study. The volumetric fraction of carbon nanoparticles in the nanofluid was 9.7%.

![**TEM micrograph of carbon nanoparticles with a magnification of 100,000**.](1556-276X-6-590-2){#F2}

Measurements
============

Figures [3a](#F3){ref-type="fig"} and [3b](#F3){ref-type="fig"}, respectively, show a prototype and a three-dimensional view of the tested DMHP. Twenty micro-grooves were fabricated on an aluminum alloy (6061 T6) base by a precise metal forming process. These micro-grooves are evenly distributed. The diameter and thickness of the aluminum base are 9 mm and 2 mm, respectively. The depth and width of the micro-grooves are 0.4 mm and 0.35 mm, respectively.

![**The design of DMHP**. (**a**) A prototype, (**b**) three-dimensional view, and (**c**) the schematic plots of the evaporator, the adiabatic region, and the condenser \[[@B1]\].](1556-276X-6-590-3){#F3}

Because the silicon rubber is elastic, it was used to seal the top of the aluminum base with vacuum grease and to keep the chamber airtight. An ultra-thin syringe needle was used to insert into the chamber and to pump the chamber down. Then, a syringe pumping controller is used to pump a proper quantity of working fluid into the chamber. For the present study, DI water and nanofluid at five different charges with 18%, 37%, 55%, 74%, and 92%, respectively, of the total void volume were used.

A schematic view of the apparatus for measuring the thermal performance of the DMHP is shown in Figure [3c](#F3){ref-type="fig"}. The tested DMHP was installed on the through hole of a Plexiglas holder. The Plexiglas holder with a through hole of 8.5 mm in diameter was positioned horizontally. The local temperatures on the DMHP surface were measured by five type T thermocouples. Some silicon heat transfer compounds are applied on the thermocouples. Then, the thermocouples are attached at the corresponding positions, and an annular silicon rubber is used to fix these thermocouples. Two thermocouples were attached to the center of the aluminum base plate to measure the evaporator temperature, and three were evenly distributed around the circumference to measure the condenser temperature. The distributions of the thermocouples are illustrated in Figure [4a](#F4){ref-type="fig"}. All thermocouples were calibrated against a quartz thermometer. The uncertainty in temperature measurement is about ± 0.1°C. The temperature of the evaporator was averaged by the two thermocouples beside the heat spot $\left( {T_{\textsf{evap}} = \frac{T_{\textsf{E1}} + T_{\textsf{E2}}}{2}} \right)$; and the temperature of the condenser was averaged by the other three thermocouples $\left( {T_{\textsf{cond}} = \frac{T_{\textsf{C1}} + T_{\textsf{C2}} + T_{\textsf{C3}}}{3}} \right)$.

![**Schematic diagram of the experimental setup**. (**a**) Distribution of the thermocouples and the heat spot and (**b**) the measuring system \[[@B1]\].](1556-276X-6-590-4){#F4}

A laser diode was used as the applied heat source in the measurement. The heating power of the laser diode was measured by an optical power meter (Vector H410, Scientech, Inc., Boulder, CO, USA) with a resolution of 0.001 W. The laser beam was focused on the center region (4 mm in diameter) of the aluminum base which was painted black with an aborptivity of *α*~λ~= 0.95. The applied heat loads were ranged from 0.1 to 0.6 W, and the heat fluxes were ranged from 4.7 to 28.2 KW/m^2^. Once both the heating load (*Q*) and the temperature difference (dT *= T*~evap~*- T*~cond~) were measured, the thermal resistance (*R*) could then be evaluated from the equation, *R =*dT/*Q*. The thermal resistance at each heat load could be calculated by the same process. The thermal resistances were averaged for all heat loads to be an averaged thermal resistance (*R*~av~) at each charge volume. The room temperature was kept at 20°C, and the measured temperature range is about 20°C to approximately 40°C. Based on the measurement error of the thermocouples and the power meter, the mean deviation of thermal resistance is about 13.9%.

For validation of basic properties of the working media, viscosity and thermal conductivity were measured. The viscosities of DI water and nanofluid were measured by a disk-type rotating viscometer (Brookfield RVTCP, Brookfield Engineering Lab., Middleboro, MA, USA). The uncertainty in viscosity measurement is about ± 3%. The thermal conductivity of DI water and nanofluid was measured by a transient hot wire method. The uncertainty in thermal conductivity measurement is about ± 2.3%.

Results and discussion
======================

To characterize the flow properties of the nanofluid, the viscosity of the nanofluids was measured and compared with that of the DI water. Figure [5](#F5){ref-type="fig"} shows the measured data between shear stress and shear rate for both nanofluids and DI water at 20°C. The results show that the relationships between shear stress and shear rate are almost linear for both nanofluids and DI water. This indicates that nanofluids with either gold nanoparticles or carbon nanoparticles are Newtonian fluids if the volumetric fraction of the nanoparticles in the base fluid is low. Table [1](#T1){ref-type="table"} lists the measured dynamic viscosities and thermal conductivities of nanofluids and DI water.

![**Viscous properties of nanofluids and DI water**.](1556-276X-6-590-5){#F5}

###### 

Measured dynamic viscosities of nanofluid and DI water

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Viscosity at 20°C                  Viscosity measured in present study\   **Viscosity from Cengel**\[[@B13]\]**at 20°C (mPa·s)**   Thermal conductivity measured in the present study (W/mK)   **Thermal conductivity from Cengel**\[[@B13]\]**at 10°C (W/mK)**
                                     (mPa·s)                                                                                                                                                     
  ---------------------------------- -------------------------------------- -------------------------------------------------------- ----------------------------------------------------------- ------------------------------------------------------------------
  DI water                           1.016                                  1.002                                                    0.613                                                       0.580

  Nanofluid (Au nanoparticles)       1.036                                  \-                                                       0.67                                                        \-

  Nanofluid (carbon nanoparticles)   1.125                                  \-                                                       0.68                                                        \-
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The viscosity of DI water is almost the same as that in the data in the *Heat Transfer*textbook \[[@B13]\]. The data show that the viscosity of nanofluid with gold nanoparticles is close to that of DI water. Since the volume fraction of the gold nanoparticles is only 0.17% in this study, such a low concentration cannot have a large effect on the viscosity of the base fluid.

The present measured data show that the viscosity of the nanofluid with carbon nanoparticles is about 12% higher than that of the DI water. The volume fraction of carbon nanoparticles in the nanofluid is about 9.7%. As compared with the nanofluid with gold nanoparticles, the higher volume fraction of the carbon nanoparticles in the base fluid results in a greater viscosity of the nanofluid.

The measured values of the thermal conductivity of nanofluids and DI water are also listed in Table [1](#T1){ref-type="table"}. The thermal conductivity of nanofluid with gold nanoparticles is only about 8.5% higher than that of DI water, which is within the uncertainty range of the measuring device. This increase in thermal conductivity with suspended gold nanoparticles is almost negligible when the volumetric fraction of nanoparticles in nanofluid is small. Based on the measured viscosity and thermal conductivity of the nanofluids, the physical properties of gold nanofluid are almost the same as those of DI water due to the low volumetric fraction of the nanoparticles in nanofluid.

Effects of the charge volume of all fluids on the thermal performance of tested DMHP are shown in Figure [6](#F6){ref-type="fig"}. The lowest thermal resistance occurs at a volumetric charge of 55% for all three tested fluids. For the clarity of the figure, only the error bars of the gold nanofluid are added. It is noted that the remaining two sets of error bars are in similar ranges with that of gold nanofluid. It is observed that, at the charge volumes of 18%, 37%, and 92%, the thermal resistances of DMHP with two nanofluids are much lower than those with pure water. At the charge volumes of 55% and 74%, the effect of charge volumes has a larger influence than that of the working fluid. Therefore, the reductions of thermal resistance of DMHP with two nanofluids are not very obvious, but they are still lower than those with pure water. It can also be observed that the thermal resistance of DMHP with a high volume fraction of carbon nanofluid is similar, even slightly higher than that with a low volume fraction of gold nanofluid. This may have resulted from the aggregation of carbon nanoparticles in a high volume fraction of nanofluid. Figure [6](#F6){ref-type="fig"} also showed that the influence of the charge volumes on the thermal resistance of DMHP is more apparent than the effect of nanofluids.

![**Comparison on thermal resistances of DMHP for DI water and nanofluids under different charge volumes**.](1556-276X-6-590-6){#F6}

Although the reductions of thermal resistances for nanofluids are not guaranteed for all charge volumes, the nanofluids somehow present a better thermal performance. There are several possible explanations for the enhanced heat transfer by the nanofluid. First, the nanofluids have larger convective heat transfer coefficients than those of pure fluids \[[@B7]\]. Second, the nanofluids have larger thermal conductivities than those of the pure fluids \[[@B3]\]. However, the above effects are only obvious for large volumetric fractions of the nanoparticles and not suitable for the present cases due to the low volumetric fractions. Xuan and Li \[[@B7]\] proposed one more possible explanation that the movement of nanoparticles improves the energy exchange process in the fluid. Tsai et al. \[[@B14]\] employed nanofluids as working mediums for a conventional circular heat pipe. Their results showed that the major reduction in the thermal resistance of the heat pipe is on the thermal resistance from the evaporator to the adiabatic section. The major thermal resistance occurring at the evaporator side is caused by the vapor bubble formation at the liquid-solid interface. Thus, the reduction of the thermal resistance may be related with the influence of nanofluid on the bubble formation at the evaporator side of the DMHP. The larger the nucleation size of a vapor bubble that will block the transfer of heat from the solid surface to the liquid, the higher the thermal resistance at the evaporator will be \[[@B14]\]. The suspended nanoparticles tend to bombard the vapor bubble during bubble formation. Therefore, it is expected that the nucleation size of a vapor bubble is much smaller for a fluid with suspended nanoparticles than that without them. Thus, a lower thermal resistance can occur at the solid-liquid interface for a fluid with suspended nanoparticles.

Due to the more uniform dispersion and smaller diameter of the gold nanoparticles in the base fluid, the gold nanofluid has a comparable thermal performance with carbon nanofluid of higher volume fraction.

Summary and conclusions
=======================

The results showed that the dynamic viscosity of nanofluid with gold nanoparticles is close to that of DI water. The viscosity of nanofluid with carbon nanoparticles is 9% higher than that with gold nanoparticles.

As compared to a DMHP with DI water, the present measured data verify that the tested DMHP with gold nanoparticles and carbon nanoparticles do not have an obvious reduction of thermal resistance for all charge volumes. These are due to the low volumetric fraction of gold nanoparticles and the non-uniform dispersion and large diameter of carbon nanoparticles. It is also noted that the best charge volume is about 55% for all three working fluids.

For further enhancement of the thermal performance of the DMHP, the nanofluids of higher volumetric fraction and more uniform dispersion should be considered to be used as working fluids.

Competing interests
===================

The authors declare that they have no competing interests.

Authors\' contributions
=======================

PHC provided the idea and did the proofreading of the manuscript. THT drafted and revised the manuscript. HTC designed and carried out the experiment. All authors read and approved the final manuscript.

Acknowledgements
================

The financial support of this work was provided by the KAUST award with a project number of KUK-C1-014-12.
